The performance of pinhole single photon emission computed tomography (SPECT) depends on the spatial resolution of the gamma-ray detectors used. Pinhole cameras suffer from strong resolution loss due to the varying depth-ofinteraction (DOI) of gamma quanta that enter the detector material at an angle. We eliminate DOI effects in a scintillation gamma camera via a dedicated optic fiber bundle that acts as a focusing collimator for light generated in a scintillation crystal. A curved crystal is connected to a concavely shaped fiberoptic bundle such that the fibers connect perpendicularly to the crystal's convex surface and point straight at the pinhole opening. Limiting the fiber numerical apertures can be used to suppress resolution losses due to light spread. Here we demonstrate experimentally that this prototype position-sensitive gamma sensor successfully eliminates DOI effects, and has an intrinsic resolution of better than 280 μm full width at half maximum with an interaction probability of 67% for 140 keV photons. Therefore, the detector has great potential for increasing the resolution of pinhole SPECT.
Introduction
Today, the imaging of radio-labeled tracers with gamma cameras, whether in planar or single photon emission computed tomography (SPECT) mode, forms the most frequently used clinical molecular imaging procedure. SPECT imaging of small animals has rapidly gained popularity as a key tool for the development of tracers, development of methods and (radio-labeled) agents for cancer therapy and to study animal models of human disease (Jaszczak et al 1994 , McElroy et al 2002 , Liu et al 2002 , Schramm et al 2003 , Furenlid et al 2004 , Meikle et al 2005 , Metzler et al 2005 . A key advantage of SPECT over optical molecular imaging is that the tracers can rapidly be translated to clinical application because gamma radiation has much lower attenuation and scatter in tissue than optical photons. Instrumental in these developments is the recent introduction of submm and sub-half-mm resolution SPECT systems with high quantitative accuracy, mostly based on pinhole collimation technology. Pinholes cameras also have high potential for improving clinical SPECT devices. However, limited resolution and bulkiness of gammaray detectors can be perceived as the largest bottleneck to further improvement of SPECT device performance , Beekman and Vastenhouw 2004 , Rentmeester et al 2007 .
Commonly used scintillation detectors have an intrinsic resolution of a couple of millimeters. In these detectors, the interaction position and energy of gamma quanta are extracted from the scintillation flashes via an array of photomultiplier tubes (PMTs). To improve detection accuracy, a vast amount of research is directed at finding reliable alternatives to PMTs. In one class of novel detectors, these PMTs are replaced by low-noise CCDs with fast read-out capabilities. In order to benefit from the high-resolution light detection capabilities of CCDs novel structured scintillation crystals are being developed.
Recently investigated methods to obtain a much higher spatial resolution include sensors with scintillation crystals consisting of parallel bundles of tiny CsI needles ('columnar crystals') that are optically connected to CCDs. The CCDs are suitable for operating at high frame rates (e.g. 50 Hz) (Nagarkar et al 1996 , Miyata et al 2004 , Teo et al 2006 , Heemskerk et al 2007 , Meng and Fu 2008 , which enables one to obtain images in which scintillation light flashes have a very high likelihood to be spatially separated; thus, it is possible to detect the gamma photons individually (photon counting). The use of crystals consisting of columns with reflecting sides suppresses spatial resolution losses due to light spreading. At present, however, the gamma-ray interaction probability is low (typically <30% at 140 keV) due to the limited length of needles that can be manufactured. Moreover, when photons enter the crystal surface at an angle, varying depth-of-interaction (DOI) significantly reduces spatial resolution. The goal of the present work is to improve the interaction probability of a CCD-based detector while simultaneously eliminating the associated resolution degrading the DOI effects of pinhole SPECT.
Methods
The principle of the camera with optical cone-beam collimation (OCC) is shown in figure 1. Parallax errors caused by gamma-rays entering the crystal at an angle (the DOI effect) and light spreading effects are eliminated using a 3 mm thick curved monolithic CsI(Tl) crystal which, together with a dedicated fiber-optic bundle, acts as a focusing collimator (OCC) (Beekman 2007a (Beekman , 2007b (Beekman , 2008 . The 3 mm thick curved monolithic crystal with a diameter of 20 mm was machined from a larger crystal block. The dedicated fiber-optic bundle was machined from a 1:1.67 magnifying taper. The magnifying taper consists of many glass fibers, of 6 μm diameter, that propagate the light from one end to the other by means of total internal reflection (Burle 2000). The OCC is optically coupled to an electron-multiplying CCD (EMCCD) using Bicron BC-630 silicone optical grease. Fibers with a limited numerical aperture (N.A.) suppress detection of photons whose angle of incidence is too large.
The fibers are directed at the pinhole, which is also at the focal point of the convex side of the crystal. The fibers are normal to the crystal surface. The crystal and fiber-optics bundle are shown in figure 2. The pinhole diameter was 100 μm, the point source diameter was 300 μm, the source activity was 100 MBq, the measurement time was 4 min and the count rate was approx. 50 counts s −1
. The pinhole-to-source distance was 20 mm, the pinholeto-crystal distance was 21 mm and the opening angle α of the gold pinhole was 62
• . To calculate the full width at half maximum (FWHM) of the radiation spot at the crystal surface, the non-Gaussian pinhole response and point source shape were taken into account using the convolution method described in Barrett and Swindell (1981) . The pinhole transmission was calculated using the method described in Accorsi and Metzler (2004) . Assuming a uniform and spherical point source, this results in a radiation spot on the detector of 274 μm FWHM for the point source directly above the pinhole and 229 μm FWHM for the point source at an angle of 30
• . The intrinsic spatial resolution was determined by correcting the measured resolution for the radiation spot.
The OCC is compared with the optical parallel collimator (OPC) which consists of a flat CsI(Tl) scintillator of the same thickness (3 mm) on top of a straight fiber optic taper.
We used an EMCCD (type CCD97 from E2V Technologies). This CCD has an internal gain to reduce sensitivity to read-out noise, even at high read-out speeds (e.g. several megapixels s
−1
). The internal gain is achieved by electron multiplication (avalanche multiplication or impact ionization) in the gain register. To reduce the dark current, the EMCCD was cooled to -50
• C, using a Peltier element. The CCD was operated in photoncounting mode , in which the individual frames are analyzed by a scintillation detection algorithm (Korevaar et al 2009) to detect the individual gamma quanta. In order to cover the whole field of view, the CCD was moved relative to the OCC in between measurements, but with the use of our future larger CCDs, this will no longer be necessary. 
Results
Initial results indicate that for the pre-eminent isotope in SPECT (Tc-99m, 141 keV), pinhole imaging can be performed with an intrinsic resolution of approx. 278 μm (FWMH, corrected for the projected spot), an interaction probability of 67% and an energy resolution of 89% at 141 keV. Figure 3 shows the isolated effects of using the curved crystal with OCC, comparing it with a flat crystal CsI crystal (also 3 mm thick) combined with an OPC. It shows that the effects of DOI are adequately suppressed with OCC. Table 1 shows the measured and intrinsic resolution (corrected for the projected spot size) of OPC versus OCC for the multi-scale algorithm (Korevaar et al 2009) that takes into account the varying light spread as a function of depth. As could be expected for gamma rays incident at a normal angle, the differences between OPC and OCC are very small. Figure 4 shows the energy spectrum of the OCC-based detector for a Tc-99m source with an 89% energy resolution at 141 keV.
Discussion and conclusions
This paper presents the first pinhole gamma camera with intrinsic elimination of spatial resolution losses due to varying DOI. In the first prototype, the intrinsic resolution of the camera is already below 280 μm. The energy and spatial resolution of future OCC-based detectors may be further improved by e.g. (i) using advanced statistical methods to characterize and localize scintillation events, (ii) fabricating crystals with higher density, better spectral matching or higher light yield, (iii) using light sensors with improved noise characteristics and (iv) using new larger CCDs, currently under development for our group. Such larger CCDs will enable us to perform imaging using the full field of view. A point of further research is the effect of the numerical aperture of the optical fibers on the detector performance.
